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ABSTRACT

A single linear vertical passive array is used iz the
'SOFAR' channel to determine the depth of 2 single under-
water source at a coastart range. The phase and amplitude
weights applied to the array are da*termined by <the linsar
pinimum variance estismation technigque. The resultirg beanm
pattern is oompared to the coaventional time domain beam-
former. It was found that the linear ainimum variancs esti-
mation technigue of amplitude shading and phase weighting
vas significantly sugerior to the conveational beamformer.
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I. INIRODUCTION

There are many sclutions to <+h2 problem of oredicting

the location of an underwater energy source. Ore common
sclution is +he use cf a passive hydrophone which detects
the pressure waves radiating from ths source. The hydro-

phone sencsor is assumed to be omnidirsctional ard therefcre
incapable ¢f es<timating dicection. To provide directicn-
ality a series cf sensors are placed in a row to €fcrm a
passive linear array.

A familiar methcd of determining dir=sctionalicy is
time-domain beamforming. In this principle, it is assumed
“hat the source is far enough away so that the pressure wave
appsars to be a pléne vave when viewad at the site of the
receiving array. -

Thus a set of time delays are calculated for ary direc-
+ion ¢f signal arrival, which, when applied to the receiver
outputs causes them to be in phase and to reinforce when
supmed. The resultant angular response to signals arriving
from other thar the nominated dirsction is <hen a function
cf +he array gecmetry, relative to the signal waveleng*h,
and any weighting factors which have been applied <+o0 “he
receiver ou*puts. The effect is to generate a main
receiving beam in ¢the desired diraction, wi*h a series of
undesired subsidiary sidelobes whose magnitude can be
controlled to some extent by the choice of a suitable ar-ay
geometry and the use cf amplitude weightings on the recsiver
outputs.

In czder to determine location, three or more such
arrays separated by a known amount may be ussd.

This study is ccncerned with a single 1linear vertical
passive array and the determination of the depth of a single
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underwater source. The analysis is based o2 the £cllcwing
assumpticns:
e The underwvater source is smitting continuously ard at 2
monochrcmatic frequency.

e Both the source and receiving hydrophones are staticnary

in space causing a constart range.

e The range is sufficiently long so that *he chaznasl is
filled with R-R (refracted-refracted) rays.

e Thare is no distortion introduced 1in the prcpagating
medium so that <the signals received at <each sensor are
idertical except for constant dalays.

¢ The source signal and noise ace independent and
sta*icnary gaussian -andom processes.

e The speed of sou profile is triangular ard symmetric
with *he deep sound channel axis a« 1000 meters. The
velocity gradient is -0.017 nmsters/meter/sec akcve 1000
meters and +0.017 meters/meter/sec below 1000 nmeters.
This profile gives a speed of sound a% *he surface of
1500 me-ers/sec.

e The speed of sound profile is constant in the horizcntal
plane.

e Only R-R rays are considar=ad. All o-her rays have
sufficient loss that their effzct is regligible.

As opposed to conventional +tim2a~-domain bezaforming, this
study makes no assumption of planar wvave fronts at the
rzceiver site. Therefore <the time dalays applied <to each
recaiver will not, in general, be a linear functicn of
depth.

Since it is desired *o determine whether or not there is
a scurce present at a specific depth the result will be a

10
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binary decision. A "1"* will 4iadicate signal soucrce
present; a "0" will indicate signal souzce not presen*. For
+he constant range there will be “N" test depths investi-
gated for the signal source. The number of hydr-ophones in
the vertical array will be "Lw,

Fcr a single source at a given dspth, the travel =ims is
calculated from the depth to each hydrophone. This <ravel
time is ccnverted intc a phase delay for each hydrophone so
that after summation from all hydrophonas a maximum ou=put
is achieved. This cutput is +then passed through a squaring
device, an integrator, and a *hreshold and £lip flcp device
to give a " 1" binary cutput. If +he signal source is at a
different depth and the same previous phase delays are used
for each hydrophone then the outputr will be somewhat less
than the previous maximum. The difference in depth requirsd
to achisve a "O" binary cutput is +he depth resolution of
the systes.

The «ravel times for each hydrophone arz calculated for
each c¢f the "N® source depths *o be considered. wNe will
ordizarily be much greate- than "L"™ so that *he system will
be overdetermined. An overdetarmined system is one ir which
there are more egquaticns than unknowns. The objective <hen
is to calculate the phase angle ard ampiitude weight for
each hydrophone so that a determination can ke made indi-
cating the presence or absence of a signal scurce a*t a given
depth.

The method used to calculate th2 phase and ampli:tude
veights is “he linear minimum varianca estimation technigque.
linear minimum variance estima*ors are optimum when compared
with all cther estimators for gaussian problems. The method
is directly applicable to overdetermina2d syst=ms.

The output of the summer is calculated using the linear
sinimum variance asxplitude and phase angles assuming a
source at one of the "N" source depths and no source at the




cthers. The calculation is repzarta2d for each of +the depths.
The resul+, wvhen plctted against source depth, will be
referred +o as the “beam pat~ern® of +the rray in =this
report. (Although similar, it should not be int=rprsted as
the angular response of an array as irn the conventional
definiticn cf a beam pa<+tern. The convertional definiziorn
loses wnuch of its utility when <the wavefrcnts are tnot
planar.) Ideally +he beam pa=tern will be maximue a* the
desired depth and very small at all other depths so tha+* the
binary "1Y decision will be made for a source a% *he desired
depth, aad a "0" decision for sources az all others. This
team pattern is compared with the 3depth beam pattern of the
conventional time-domain beamformer man-ioned above. The
purpcse of +his *“esis is tc determine, &s an initial inves-
tigation, whether the linear minimum variarc® estimation
technique, when aprplied to a linear vec-tical array, is
useful in depth discrimipaticn at long rarnges ir a 'SOFAR!
type sound channel.
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II. GENERAL THEORY

A. RAY ACOUSTICS

The fropagation c¢f sound in an elastic medium can be
describad aathematically by solutions of the wave equation
usiag the appropriate boundary and medium conditions for a
particular problem. The vave equation relating the accustic
fressure 'p' to the coordinates 'x*,'y','z', and the “inme
't¢, may te written as

2 2
- +dp+dp

de dx?  dy?  dz? (2.1

2
d?p <% d%p
2

where 'c' is a quantity that has the general significance of
sound velocity and may vary with the cocrdinates.

One may approximate the soclution of the wave equation
using ray +theory: its body of rasults and conclusions is
called ray acoustics.

Officer [Ref. 1] describes the ray solu*ion as a
complets soluticn *c any particular propagation prcblem
within <the walidity of the approximation of the Eikonal
equation to the wave equation. FPor these approximations to
be valid reither the asplitude of <the wave nor the spesd of
scund can change apgreciably in distances ccaparabls to a
.wavelength,

Thus the path of a r2y through a medium in which the
speed of sound varies with depth can be calculated by the
applicaticn of Snell's law

oy
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54 cose/c = 1/co = 3 ccnstant for any one ray (2.2)
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Z; where ‘'€' is the angle cf depression made with <zhs
i? hcrizontal at a depth where the spaed of sournd is 'c', and
7

'co! is th2 speed a+ a depth (real or ex<rapolated) wher2
the ray wculd become hcrizontal.

In a mzdium :ia which the v2locity of sourd changes
inearly with depth <+he sournd rays can be shcwn <to be arcs
cf circles, that is, to have a cons%art radius of curva=urs.
Kinsler e+ al. [Ref. 2] givz 2 simpls and heuristic demons-
tation of the circularity of rays in a medium with a l:iInecar
sound speed gradient ‘'g‘. Th2 co2nter of the circle which
creates the arc lies at a depth where th2 sound speed extra-
polates to zero. To understand this, considar a portion of

e

DA

LI
IO

‘4

3 a ray path with a local radius of curvature 'R?, as illus-

“5 trated in Figure 2.1. Since the gradient *'g' for this case

) is

f

&

s g=4c/az =(Cy;~¢,) / (d,-4,) = (c5~C,) /R(COS8, ~COSO),) (2.3)

~ wkere ' pc' is +he change in sound speed and 'y 2' is the

*f change in dapth. It can be seen that the radius of curva-

; tuze is given by

: R = -c /g = -c/(g ccse) (2.4)

LT

fﬁ The ray path is therefore a circle when 'g*' is constant

- because 'R' is then comszant. The center of curvatur2 of a

FF circle lies at the defth vhere © is 90 dagrees, which corre-

Qé sponds to c=0. Por the situation in Pigure 2.1 the speed

:i gradient is regative so that 'R' is positive. If =he speed
gradient were positive 'R' would be nsga~ive, and the path

EZ woeuld curve upwvard.

§$ Oonce ths radius cf curvature of sach segment of a pa%h

;ﬁ is known the actual path can be traced graphically or

S
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Pigure 2.1 Circular Ray Path
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computed. If the initial aagle of depression of a rzy is
61, then by referring <+c the geometry of Piguze 2.1 <he
changes in bcth range and depth ara

Ar= ¢ (sin®1)~-sin(€2) ) /(g cos(61)) (2.5)

AZ= C; (cos(82) -cos (81) )/ (g cos (81)) (2.6)

The sign convan*ion for these equations is: downward, “c <he
right, and depressicn angles below +he hLho-cizcn<al axis
positiva.

The symmetric triangular sound sp3ed profilas assumed in
the introduction is similar to spead profiles encountered in
the deep sound channel, sometimes called +hz SOFAR channel.
The velocity minimum which occurs at *he axis of the sound
channel causes the sea to act like a kind of lens; above and
below the minimum, the velocity gradient continually bsnds
the scund rays *ovard the depth of ainimum velocizy. A
pcrtion of <he power radiated by a source in the deep sound
channel acccriingly remains withian the channel and encoun-
ters nc accustic¢ losses by reflection from +the surface and
bottca. These prays are called R-R (refracted-refracted) and
since tley have very lovw transmission loss, very long ranges
can be obtained from a source of moderate acous+ic powar
_output, Thus an energy source at a specific dep:th will
propagate energy in all directions but cnly <+=he direction
vhich is *oward the receiving array and for which the Cays
ares R-R is of interest. To detaramine the -2nge of derres-
sion angles which will yield R-R rays Snell's law is used to
give

16
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émax = arc cos(ct/ (c1-(g d))) (2.7)

vhere 'Omax' is in radians and 'c1' is the speed of sourd a:
the scurces depth '4d°'.

An 9xampls is given in Pigure 2.2 of a2 single ray trace
propaga+ing in the SOFAR channel to show how 2quaticns 2.5
and 2.6 are used in determining range and depth. The cay
path is tzoken up into ocs of cizclas as shown ia  the
figure, and then by paying close a<ta2nzion to the previously
defined sign conventicns, <he chaage iz range and depth is
found. Being more sgecific, for arc 1, o1 and €2 ars both
positivs; fcr arc 2, €1 is posi«iva and €2 is zero; <for arc
3, 81 is zaro and 62 is negative; and for arc 4, 61 is
negative and 82 is zezo. By k2eping a running -otal of all
the dap=h and range chaages it Iis possible tc de+ermine <=he
total horizontal distance traveli2d and <he dspth at <hat ‘
discancs.

Fcr the speed of scund profils assumed in the in<roduc-
tion a computer generated cay plot is shown in Pigure 2.3
for a source depth c¢f 300 meters. As each rcay propagates
out from <the source the triangular chanael becomes filled
with sound. .If a receiving hydrophone is placed a great
distancs away, 2a number of cefsactsd propagatior paths will
exist, each having a differsn- travel +ime and crossing =zhe
chaanel axis at different intervals. The path with <he
greatest excursion from the axis wilil have the shortest
travel “ipa.

Officer [Ref. 1] shows that <the travel <ime 't' of a
ray, which is an arc of 2 circle, is given by

D

2 de

os (2.8)

.

+t =

g

1
g

D,
[

and the %*ravel +ime for each acc is

17
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£= .1 loge[%an((w/u)+(ez/2)) (2.9)
g

tan((mw/4)+ 1

Equation 2.9, applied usisg tke same convention as equa%ions
2.5 ard 2.6, determires the total travel time of a ray in
the deep sound channel.

B. ARBRAY HODEL

The receiving 1linear vertical array is presumed <o
consist of 'L' hydrcphones as shown ia Pigure 2.4. It is
assumed tkat the source is smitting energy at a constan+
f-equercy, '£f', and amplitude, 'A*, ragardless of the depth.
The sourc2 signal at the source is aexp(3j2T ft). The
inherent received signal 2t tke first hydrophone is

x1(t) = Avexp (J27£ (t-t 1)) (2. 10)

vhere 't1' is the travel time from the energy source to the
first hydrophone and 'A*'*' is the amplitude of the signal at
the range cf the array.. Af*er passage through the amplitude
weight 'a1' and a phase delay of °*Ti1', +he signal on the
first hydrophoie at the input to ths summar is

yl(t)=A'alxl(t-11)=A'alexp(j2nf(t-tl-t,)) (2. 11)

A time delay, for monocchrcmatic signals co:reéponds “0 a
phase shif+

8 = 2Tt ' (2. 12)

vhere '9' is the phase shift in radians and '%' is *he tinme
delay in seconds. Thus equation 2.11 can be writ<ea as




y1(%) =Atatexp(3(2 £+-§1-81)) (2.13)

wvhere 'Q1=2nft1' is the phase delay due <o +he travel *“ime
from the source to the fizst hydrophoze and '61' is the
phase dalay in the receivar on the f£irst hydrophone.

Combiring all the hydrcptones in “he array iz a summer
gives as an expraessicz for the array ouzpu:

L
T(t) = kllvakaxp(j(zﬂft-fk-ek)) (2.14)

vhere '*k' reprasents the phase dalay dus <o “he :travel <ime
from ths source to the "k th" hydrophons and 'ek' is the
phase dslay in the recaiver on the "k <h" hydrophone. I
~the amplitude of the 2nergy sourca i{is normalized by se=ting
A'=1, and eguation 2.14 1is written in <+“eras of real and
imaginary ccasponents, we have

L
Y(t)= Zak cos(-¢k-ek)+jsin(-¢k-ek) exp(j2nft)

k=1 (2. 15)

When an enargy source is at <hs "q th"™ depth, wvwe wish %o
hava each rTeceiving hydrophcne's phase delay cancel out %he
effect of +the travel time from tha source to i+, such tha+
'-fk-ek' is ejual to a aultipla of *2mwe, This will put all
signals into the surmer in phasa and thus maximize the
signal gain for a source at tha "gq th" dspth. Fzcm equation
2.15,

(a) L (source present at q) (2.16)

e~

cos(-¢kq-ekq))

q

k=1

L

kZI(akq sin(-¢kq-6kq))

(2. 17)

0 (source present at q)
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Note that the first subscript on the phase angle indicazas
the recsiving hydrophcne and <the sscond subscript indica<es
the depth of the source. Thus 'fkq ' wculd :indicate the
rhase shif* rela+ting to the travel time frcm the "q th" %fest
dep=h to the "k th" hydrophone in “he recsivirg arcay.

It is desirable fcr 'Y(t)' to b2 a minimum value for
scurces at cther than the depth b2ing investigated. Thus
for each of the other *N-1' dJdepths *'Y(t)!' is set +o zero.
This gives 'N-1' equations fcr the <=ceal tarms of 'Y (:)' set

to zero

L

z achos(-ka-qu)so (source absent; m#q) (2. 18)
k=1

and 'N-1' equations for the imagirary terms of 'Y (t)' set to
zZero

L

‘ - - o~ »
kzlakqs-n( ekq)so (souzce abssrnt; m#q) (2. 19)

By using elementary trigoncmetric identities, equation
2.16 (real terms with source prasent at "q +«h" depth)
teconmes

L
kzl axq [cos (’kq)cos (ekq)-sin (?kq) sin (ekq)] E A (2. 20)

Equation 2.18 (real terms with scurca absent for each of the
cther 'N-1' depths) becomes

L . : .
kzl‘kq[“'(")m)c"(ekq)"m“h)sm(ekq)] =0 m=1,2,...N; mfq (2.21)

Bquation 2.17 (iaaginary terms with scuczce prssent at tha "g
th® depth) Lecomes
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L
- si 6. )+ccs sin (8 =0 2.22
L 2 (sing, Icos (@ dsces(f, Isize, )) (2.22)
ard equation 2.19 (imaginary terms with soutcs= absent for
each of the other 'N-1' depths) becomas

L
.kgl-akq[s%n(¢km)cas(Skq)+cos(¢km)sin(ekqﬂ 30 m=1,2,...N; mfq (2.23)

Thus, there are a total of '2N' <equations with *2L¢
unkncwns.

In ordser to simplify, w2 put thase '2N' equations into
aatrix fcrm. Arbi<rarily the real tec-ms are made the first
'N' equations and tte imaginary t2rms the s=cond *N' equa-
tions. The first real and first imaginary equation is a<
+he lcwest (shallowest sourca depth and =squatiosns incrzase
ir order af*er that until the last real and last imaginary
equaticn correspond tc 2 source at tha daepast depth. The
rasultant matrix agquation beconmes:

[0] [cosd,, cose,, ... cosd ;| -sine;, -sind,, ... -siné, | Grqcose

1 1q
ol- coso12 cos¢22 cee cos¢L2 -sino12 .sin¢22 e -sin¢L2 azqcosezq
0
L cosolq cos¢2q e cosoLq °Sin01q -sin02q . -s:i.noLq
0
0 °°’°iN cosozN cee cosoLN -sin¢1N -sin¢2N ces -sinoLm ancoséLq
0 -sino11 -sin¢21 "’i“°L1 -cos¢11 -cos¢21 e -cosebLl alqsinelq
0 -sinolz -sino22 .-sin0L2 -cosol2 -cos¢22 N -cosoL2 azqsinezq
i} "in‘lﬂ -sinozn .-sinOLN -cosé,y -cosd,y --- -cosoLNw ‘LQSinQHy (2. 26)

Simplifying further, equa-ion 2.24 becomes:
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L~ | T L.

vhere ' o', ‘g*', ‘'c', and 's' reprasent <the appropriate
submatrices.

Then, Ly noting that the mulriplicaticn of each elemen:
of a cclumn by ‘he same nonzero constant doesn':t affect the
soluticn, equation 2.25 becomes:

-01 pa 1- S
L o 8 e
o] = (2. 26)
0 -8 a s
b—i - - - -— el

Finally letting Z, A, and @ represent the matrices in equa-
tion 2.26, we obtain

Z =28 (2. 27)

vhere 2a wmairix is denoted Lty a capitalized wunderlined

letter.
In susmazry, 2 4is the desired response of the vertical

array to the 'N' source taest dep:hs. A <zZepresents known
travel times from each of the 'N' scurce depths to each of

the 'L' receiving hydrophones. @8 is unknown. It is the
phase and amplitude weighting which must be applied “c the
vartical acray in crde: to realize Z. 8 contains ‘'2L!

unkncwns,




Equaticn 2.27 regresents '2N' 2quations. Since =Eki

n

system of equations is overdetsrminaed (N>L) an 23xac:t sclu-

0

tion dces not exist. In order to mak2 the best es<imate of
@ for the .desired response, the 1linear minimum variance
estimaticn teckrique is used.

C. LIBEAR NMININUM VAEIANCE HETHOD

Equa+ion 2.27 tepresents a ncise frie environmer:=, If

noise ware present it would becom=2

Z = A8+ (2. 28)

with 'n*' a "2" 2lement column vactor. This represents the
noise at each source depth. '2' is a linear function of '§'
and is called the oberservaticn. 'A' is a "2Nx2L" modula-
tion or cktservation wmatrix which is known, and *'@' is the
"2L" e¢lement random parameter vector vwvwhich is to Dbe esti-
mated. Assume *he first and second nmoments of '8' and 'n!
are givan by

E(8) = Y, var(e) = ¥, (2.29)
and
E(R) = 0 Var(n) = Vp (2. 30)

wvhere 'E' represents expectatior or first moment and ‘Var'
represents the covariance wmatrix. I+t is assumed that the
parametar '€!' and the noise 'g' are uncorrelated.

A restriction imposed is that the estimate must be a
weighted linear combination of the observazions:

LI S
LR
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§L = D+EZ (2.31)

where *'~' indicates estimate. Tha objective is tc selec:
'b' and 'B' in order tc mipimize the srror variance. Such
an estimator is the linear minimum variarce estimator; i+« is
the test, in <the sense «c¢f mirnimum-error-variance 1linear
estimators.

Ano-her restricticn is that the estimator be unbiesed;
in othecwords it is required that tha expected value of the
estimatcr 'éL' is equal to the expactsd value of the param-
eter '9'. Thus,

E(QL)=£*§E(Z)=E(Q)= g (2.32)
yielding
b=Ug-EAl, (2.33)

substitu+ing this result in equation 2.31 gives for <the
unbiased linear estimator

8, =ug+E (Z-Ay,) ‘ (2. 34) w

Note that since the estimator is urbiased, the estima*ion

A
errocr 'QE=Q-QL' is zero mean. The next step is <o select

RAJ ‘B! in crder to minisize the error variancs. Eowvever, ttis
;}; cptimization probleam is ill-defined because thas error vari-
fgi ance is a matrix. Therefore in order to introduce a scalar
%ﬁ goodness measure the sum of the variances of each componen+
g of '9' is minimizad. This is +the sum of the main diagonal

e

terms of the covariance matrix and is defined as <he trace
cf the matrix.

O
AAR

) ~4 2
v
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2N
tr (Var(e.)) = n§1 Var((8gp) ) (2.35)

where *tr' indicates tracs. '1B' is <har selected to

sinimize th: trace of *h2 err¢r variance, cr

in tr (Var(e = mir tr (E(Q_0% .36
an tz (Var(8;)) an tr (E(@ 8;)) (2. 36)
wvhere T indicatzes the transpose. The following problem is
then cbtained by substituting equation 2.34 into equation
2.36:

. s T n
mgn tr (Var(g.a))-m;n Tr(E((8-uy -B(Z2-Aug ) (B-u,3(2-Au)")) (2.37)
It is well knovn (Ref. 3] that equation 2.37 is minimized
when

Cov (@,Z)-BVaz (2) =0 (2. 38)

where 'Ccv(@,2)' is the ccvariance matrix of tha unknown
garameters and the observatioms. Denotirg <“he op*ipunm
filter ty *'B*, then if

B*=cov (8,2) (var(z)) -1 (2.39)

a minimum is achieved <£or the sum of <the squar=ss of the
‘errors.

Using equa*icn 2.28 for '2°7, the covaziancz of 'g' and
2' becones

T

Cov (8,2)=Cov (8,A8+1n) 313& (2.40)

since '9' and *'p' are uncorrelated. The variance of '2' is

25




Q-T*-!n (2. 41)

Var (Z) =Var A8+D) =_A_!e

Substituting these into equaticn 2.39 gives

* T T -1
B = VaAT(AV,A V) (2.a.2)

8%

and the linear minimum variance estimator is

8oy = Ug*VoAT(AV ATV )7h(z-Au,) (2.43)

By utilizing a ma*rix icversion lz2mma [Ref. 3] equation
2.43 Ekeccpes

QLMV = (éTZ;]-é"'!gl)-l(éT!;lz"'!alH_e) (2. 44)

The advantage of this equation over aquaticon 2.43 is the
size ¢f the matrix tc¢ be inverted. In equa*ion 2.43 the
matrix has dimensionality *2N' whila iz equation 2.44 its
dimenionality is only *'21'. Thus the advantages of the
linear variance estimator are the ease with which +hey are
derived, <+he mathematical tractability of the linear form,
and the micimum amount 9f stochastic irformation requized
for develcpment. An interesting characteris+tic is that the
linear minimum variance estimate is the o¢r=hcgonal p-ciec-
tion cf 'é' onto *he space spanned by the observation 'Z'.
Escause of +these factors this es<timater is a2 popuiar form
for estimating unknowrs in cverdetarmined =quations.

For this thesis it is assumed that “he ncise samples are
- uncorrelated and identically dis“ributad so zha<:

2
Y=ol (2.45)
n

..........




N0 previous knowledge is assumed abou+ *'6'., This implies an
infinite variance matrix which is rapressnted as:

!51=9 and g =0 (2. 46)

The linear minimum variance estimazea giver by equation 2.44
is then

N

=aTny 14T
9 FATH Az (2.47)

By de<ermining 'ELMb the phase and amplitude weights are
found for a signal scurc2 on the 'q th' depth. Recall that

Fh 314°9%%1q
3.2 . a 2qco.se 2q

g. >
}9,.

a, cosd
a sin§lq

1q

@ )

L+l
(2. 18)

L; 2L La‘,_qs ing {.q-

Upon solving, ¢his equation gives for the phase delay

~ A -~

emqsarctan(eL+6em) vhere m=1 =0 L (2.49)

and amplitude weigh+

a =20 scos@® ) where m=1 <0 L (2. 50)
mg m mq ‘

When these amplitude weights and phas2 delays ar-e applied to
the vertical linear array a resulting beam pattern is formed
vhich in thas absence of nois2 is:
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T
3]
L]
io»
i®

A

The resulting beam pa<ttern 'Z ' can then be compared with
.\,‘ ) the desired beam pattern '2', as wall as with a conventional
) bzam pattern 'Z'' obtained using lin2ar phase shifts across
L the array aperture selected to "stasr"™ the aczay %o the
. dominant arrival angle for ths selacted source depth.

¢
v %
E
A % % T,
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i III. EXPERIMENTAL PROCEDURE

I A. BASIC ASSUHMPTIONS

The speed of sound profile given in the Introduction was
00l used to test the techinique, with 'L*', tke number of scurce
dspths chosen as 20. The scurce depths are a:t 220 meters
and every 20 wmeters thereafter to 600 meters inclusive,
‘W', the number of hydrophores used -n <ths vertical array
S vas chosen as S. The hydrophores are placed at depths of
1090, 200, 300, 400, and S00 meters. Thus, ¢there are 40
equations, two for sach source depth, and 10 unknowans, =wc
, for each hydrophcne. A range of 200 kilometers (km) assures
N that the deep socund channel is filled with sound ovar the
ﬁg apertur2 of the vertical linear array. A frequency of 100
o Bz provides good resolution in the beam pattera without
introducing alias mainlobes at the selected range across the

EE depths of investigaticn.

N

B B. 'A' BATRIX CALCULATION

o Since the gradient of the sound velocity, 'g* is

;'2 - constant in the area of the source depths, and the speed of

;“ﬂ sound at the surface is known, equation 2.3 is used to solve

b2 for 'c2', the sp2ed of sound a+t the source depth. Equa+tion

-;ﬁ 2.7 is used for each source depth to <calculate the maximum

_jf ini~jial depression argle which yields R-R rays. In deter-

;ﬁi " mining travel time, c¢nly depression angles from each scurce
vhich are pcsitive (dcwnward) and yield R-R rays are used.

V;Q Beginning with the first source depth of 220 meters, an

';Q initial depressicn angle of 0.0 degrees is selectad. The

tq ray path is then calculated using aquatiors 2.5 and 2.6 and
broken into a series c¢f arcs as in figure 2.2. Equation 2.9
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is used to determine the <travel time for each acc in the
same Bmanrer. Bach arc's hcrizontal range, travel tim2, and
depth are sumaed. When the summed horizontal range r saches
200 ks the summation process ends. The travel time and
depth of the ray at this horizoncal range is <then kacwn.
The same tprocedure is r2peated for an initial dep-ession
angle of 0.1 degrees and every incremeant of 0.1 degrees
thereafter until the maximue depression from equatican 2.7 is
reached. The final ray pa*h is at this maximum degression
angle.

The same procedure is repeated for each of the other 19
source depths.

Thus, for each initial angla from each source d=pth
there is a ray which has a travel tine'and a depth when it
reaches tle horizontal range of 200 km. Since it 4is the
profile of the sound pressure vwave which Iimpinges onr the
ver+-ical array which is of importacce, a constaas caa be
subtracted from -these calculated travel times. This
constant is selscted to be the travel time for the source
depth of 220 meters which has an initial depressicn angle of
0 degrees. It is subtracted from e€ach of the travel times
making the resultant <+ravel times relative with respect to
the ray which has a 0 degree deprassion arngle from the 220
meter degth. The prcgram and 3its listing which calculates
the relative travel times and the depths of these rays at
the horizontal range of 200 km is given in Appendix A.

A plot cf the relative travel times versus depth for the
220 me+t2r source depth is shown in Figure 3.1. Figure 3.2
displays the plot for the 380 meter source depth. Nzgative
relative *ravel times in the plots indicate “hat the overall
travel time is less than the raference. These rays arrive
at the 200 km horizontal distance before the reference ray.

Since +tha receiving hydrophones are at set ver<ical
positions (100, 200, 300, 400, and 500 me*ers), an
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interpolation is done to determine relative travel times to

them frcm each scurce depth. The iaterpolation program and
its listing is in Appendix B. Sometimes more than one R-R
ray travels from the source depth to a hydrophone. dhen
this cccurs, the ray which arrives first is used in <he
calculaticn of relative «ravel time to thatr hydrophon=.

Equation 2.12 determines the phase shift relating to the
relative travel times. The 'A' nmatrix is Zormed by taking
the apprcrriate sine and cosine values as in equation 2.24.
The 'A' matrix is *'40 by 10°.

C. *2' BATEIX

Referring to equation 2.26, the 'Z' matrix is a *'40 by
1 column vector. It is the desired beam pattern. The
Eottoms 20 rcws give the imaginary terms and are set to zero.
The top 20 rows represent ¢the value of the real terss at
each source depth. Therefore each of the top 20 rows is se=
to zero except for the row containing the source. It is set
to 1. Pcr zxample, if the source is at 220 meters “hen ornly
the tcp rew is set tc 1. If th? source is at 380 meters
then only the ninth row is set to 1.

D. RESULTING BEA PATTERN

1. Using the Lipear ¥ipimum Variance Ne:thod
[ A [

SLmy
resulting team pattern 'Z' 1is calculated using equation

is calculated using equation 2.47. The
2.51. The program which calculates +the ‘A’ matrix, uses it

in detersining 'QLMV" and then calculates '2' is given in
Appendix C. The program listing is also included.
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2. Usipg Linear Ehase Shifts

The conventicnal beam pattern is determined by using

-

equation Z2.51 where @b is calculat=d by approximating the

ot

plot of relative travel time vs. dspth by a straight iine a
the receiving hydrogphone depths. Por example PFigure 3.3
represents this plot for the 380 meter source depth. The
straight 1line is determined by a least sgquares 1linear
regressicn which mirimizes the sum of the squazes of the
deviaticns of the actual data points from th2 s=raight line
of best fit. Note that only data points which are on the
dominant curve are used in calculating the s<raight 1lire.
From the straight 1lire, relativa travel <times zc <the
receiving hydrophones are calculazed. The relative travel
tim2s for the 380 meter source depth are giver in Table I.
They ccrrespond to a plane wave arrival angie of 3.73
degrees. 'Er is determined by converting these relative
travel times to0 phase delays using equation 2.12 and then
taking zhe appropria+e sine and cosine values of thase phasa
delays as in equation 2.24. The amplitude weights are
initially assumed to be unity.

A second method for obtaining the conventional beam
pattern is calculated by tha same procedure except the
amplitude weights which are determined by equation 2.50, the
) * asplitude amplitude weights, aze applied to each

=LMV
hydrorhone.
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N TABLE I
{ ; Relative Travel Times For 380 Heter Source Depth
N
o Bydrophcne Depth Relativs Travei Tims
N 100 meters -0.07565509 sec.
I 200 meters -0.07131599 sec.
300 asters -0.06697690 sac.
129 400 meters -0.06263780 sec.
3o 500 meters -0.05829871 sec.
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A. EXACT SOLUTION

An zxact solution is derived for che beam pattern if *he
rumber of receiving hydrophones equal the number of source
depths. Por example, when the 5 receivers are us<d %o
discriminate between 5 source depths (220, 240, 260, 280,
and 300 meters) there are 10 egquations wi=-h 10 uzknowrs.
Figure 4.1 is a plot c¢f the resulting bean pattern with *he
source at the shallowest daptk. Note *ha+ because c¢f roun-
doff errors in the 'IMSL' subroutines there is a small value
for the resulting Leam pattern at the non-en2rgy sourcs
depths under investigatiorn.

B. FOUR DEPTHS WITH TWO RECERIVERS

Fcr source dspths at 220, 280, 300, and 320 meters with
receiving hydrophones at 100 and 200 mecers, thare are 8
equations with 4 unknowns. Pigure 4.2 is a plot c¢f <he
resulting team pattern with a source at the 220 meter depth.
Figure 4.3 is *he plot for the source at the 280  meter
depth.

C. TWENTY DEPTHS WITH TWO RECBIVERS

For all 20 source depths wi+h receiving hydrophornes at
100 and 200 meters, there are 40 =quations with 4 unkaowas.

[}

Figure 4.4 1is a plot of the resulting beam patterr for
source at the 220 meter depth., Figure 4.5 is a plect for the
source a* the 380 meter depth.

In order to determine if the 'é' calculated in this case
is the best an alternate me+~hod is daviszd. Four source
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depths (220, 240, 260 meters, and another sourcs test depch)

vith +*he crigiral source at +the 220 wmeter dep+<h and
recaivirs at 100 and 200 maters ara usa2d. The beam pa<«t=ain
is calculated each time with a differert source test depth
substituted for the fourth source depth. The 5 best
resulting beam patterns are selected along wi“h the 8 source
depths (220, 240, 260 metecs, and the 5 test depths which
created tte 5 best keam patterns). Then, using <hese 8
scurce degths, 'é} is determined for <+he twd receivers.
This {é} is applied to the <+«wo receivers and the bean
patterr cttained for all 20 source depths.

The resulting beam pattern obtain2d by <this alternate
methed isr'+ as good as the beam pattern ob+ained by using
all 20 source depths in the determination of 'é'.

D. TWENTY DEPTHS WITH PIVE RECEIVERS

Fcr all 20 source depths with all S <ceceiving hydro-
rhones there are 40 equations wit<h 10 unknowns. Figure 4.6
is a plct c¢f +*he resulting beam pattern with <+he source a+
the 220 meter depth. Pigures 4.7, 4.8, and 4.9 are %he
flots for the source at tha 360, 380, and 400 meter dep+ths
respectively.

E. CONVENTIONAL BEANFORMER

Figure 4.10 is a plot of the bszam pattera for a conven-
tional beamformer using linear phase shifts across +the arcray
vith the scurce at the 380 meter depth and <+he amplitude
weights set to uaity. All 20 source depths and 5 receiving
hydrophones are used. Note that in figure 4.10 tha* *here
is less than 1 db discrimation between zach of the source
depths. Figqure 4.11 is the plot obtained for the amplitude
vaights set to values determsined by egquation 2.50.
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P. BABGE OF 250 KILCHMEBTERS

The calculations were rspeated €for a <range ¢f 250 km
using the same 20 source depths and 5 receiviag hydreophcnes.
Pigures 4.12 and 4.13 represent tha plots c¢f relativs =ravel
+imes versus depth fcr the 220 and 380 aeter source depths
respectively. Pigure 4.14 reprasents the straight 1lias
approximation of the relative travel times for the 380 meter
depth. Note that in this figure the relative travel times
are represented by twc straigh+t lines; the upper line repre-
sents linear phase shifts of the slower *rzavel times for the
ccnventicnal beamformer wvhile the 1low2r 1line represents
linsar phase shifts of +he faster travel times. Tables II
ard IIXI are the straight line interpolations of these slowver
and faster travel ¢imes which correspond to arrival angles
of 4.04 and ~3.16 degrees respectively. Figures 4.15 and
4.16 are the resulting beam patterns for +the coanventicnal
beamfcrmer for the slcwer travel times using unity amplitude
weights and Llinear minimum variance amplitude weights
respectively. Pigures #4.17 and 4.18 are the beam patterns
for the faster travel times.

Figures 4.19, 4.20, 4.21, and 4.22 represenrt gplozs of
the beam pazttern for the source at the 220, 340, 350, and
380 meter depths respectively.
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' TABLE 11
Slover Bay Travel Times Yor 250 km Range and 360 =
Source
Bydrophone Lepth Relative Izave. Iipe
100 meters -0.09949109 sec.
<00 meters -0.09478615 s=sc.
300 neters -0.09008121 sec.
400 metears -0.08537627 sec.
00 meters -0.08067133 sec.
TABLE 1II

Faster Travel Times For 250 ka Range and 380 a Source

Bydrophope Depth Relative Travel Time
100 meters -0.10100745 sec.
200 meters -0.10468763 s=2c.
300 metars -0.10836781 sec.
400 meters -0.11204799 sec.
€00 meters -0. 11572817 sec.
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Por mary of the cases examined, thz linear minimum vari-

ance estimation technique gives high <resoluzicn in the
"dapth beam pattern®" for sources a: long range.
and 4.3 represent beanm
receivers where the rain lobe is at th2 desired source depth
with a beamwidth of 30 meters. For 20 depths with 2

is highly ovariatermined and +the beanm

Figurss 4.2
with two

¥

patterns for four depths

2y .)‘
>

Pl
s S5 N

receivers the systen
pattern portrayed in figure 4.4 has i:s main lobe 80 meters

from the source depth. At the source depth the streng+h of

the beam pattsrn is 3.6 db
lobe is on the source depth
For all 20 source depth
results range from a beam
+he source depth (figure u.
and a seccndary 1lobe 12.1
its main lobe 40 meters fro

For the

down. For figure 4.5 th2 main
with a beamwid+h of 250 meters.

s with 5 hydzophonz receivers the
patterns having its main 1lobe on
7Y with a beamwid+th of 20 metars
db down to a beam pa“tern having
m the source dspth (figure 4.22).

4.22 the width of <he main

keam pattern in figure

lobe is 80 meters and the strength of the beam patiern at
the scurce depth is 0.8 db down.

When using the conventional beamformer, the beam pattern
results with amplitude weights detarmined by the 1linear
minimum variance estimation method were superiocr *o “he bean
pattern determined by wusing
However in all cases the conventional beamfcrmer was sigrif-
icantly pattern determined by the
linear

depth resclution.

unity amplitude w2ights.
inferior to the bean
ainisum variance estimation technique in =<erms of
The linear minisum variance estimation

not be used for all rarges with the <chosen sound

profile. 187 km 2and 235 kn the

technique could
speed
relative

FPor ranges of
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travel times prcduce an 'A' matrix which Is so i1ll-
conditioned that the 'IMSL' subroucine ‘*'LINV2F' canrnot
detarmine an accurate inverse of 'ATA'.

There is sufficient evidence frcm this inpitial investi-
gaticn *that the linear minimum variancs estimaticn technique
applied to a long linear vertical array can yield high rsso-
lution depth information about passivs sources at vary lcng
ranges. However, further investigation is need=d before any
field +tests are in order. Recommendations for furthe:
rasearch are:

1. The use of a more realistic speed of scund profile,
preferably one actually charactaristic of the *'SCFAR'
channel.

2. The use cf mcre hydrophones ia the wvartical arrcay.
As more receivers are used the beam pattern should
aprrcach the desired beam pattern more closely (a2
less overdetermined system should yield smaller “otal
sirigumn mean square error).

3. Investigation into <causes for the peak <Tesponse
falling at other than the desired depth and techni-
ques for «correcting +this problem when using the
linear minimum variance estimation techinique.

4. Alternate assusption fcr choosing the ray paths to
include in the 'A' matrix. FPor example crn¢ might
choose the rays with the grsatast intensity instead
of the shertest travel tinme.

5. Thke possibility of estimating rarnge as well as <hz
depth 5f a passive source with linear minimuam vari-
ance estimaticn technigques.

In conclusion, +he linear minimum variance estima*ion

technique of beamforsing was significantly superior to the
conventional beamformer. High resolution depth information

AN

about passive sources at long rang=2s is provided.
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VF RELATIVE TRAVEL TIHAE CALCULATION
*

This program calculates the ra2iazive travel +imes frcm
each source depth ¢tc the hcrizontal range and the depth of
the ray at this range. To <save pap2r, only the twc shal-
lowest scurce depths are listed.

'-.-A'I'Jf" R

%
NN A A

N "‘l.‘.l‘..l'..} q.n' iy

B
FyP 3

|
CAAE A A Ay

N

R e TR

YA

‘l“'l.'.. ..l .'; .;« e 3

CASNNS

68

N

N UL . PO T IS o
. SN e, ) I T T
) S YA AT A ¢ P SOPUAPTR TR YA, WhTy T8y TRy I SIS IR




_'.. -v'.‘f,"v‘ v \w—‘_"'_ 7':-1‘*\. ‘-r\"\r ~ RN Cald .‘::'.‘.'. - - 'v‘ ‘-. A .‘. _'. BB St Tt ':in..v‘(‘:g‘w:“‘.‘wrg:". A% B A A AAA sulh ek B~ Gulicaed 2ug o)
. A T R « e LT e e TR N e T S DL N . e e

clelelalolelololalelolelelolelololelotolo oo fotolo Jotnlotalete lolo late To Infela o Tote lofo to Yo To)
degm QP DR ANM PN O DR PN O NDPRO N P O IR INAFN I D -
et} oooooadaﬁdamaadmmmmmmwNNNmmmmmmmmmm¢¢¢¢¢¢¢¢¢
OUOVUOUVLVAULVUAGOODVOWOVIOWVWOVUWONWIOUAUUOWRQWOLUAWA
o l=alelelalelolelololelelalelolalelolelololvolelslolelelolnlololelolelcloloTololelolels o e Jo )
* LU UL L LS LA LD UL LI U LB LLY LS UL 10 LD LA UL LD LIS Ul 1 LS LS UL LS LLLAILLI LS UL LS LU L A LU LS U U LS
o = adh =fs s ot s 0 <o g ne nds =i 5 o o ¥ i oy wn oy s ot = o i i o oy s o0 e o S e it ne 0 = s nn s e S =i o P s e
o e o s e e s o e o 1 o o e o e 1 e e o s s e e e o o e e e o e e et e e s e e e

-
-»
of =
VO
D= =2 L ol
< < -Z0
U QA Deow ~~<l ™
Q ;4 % ma:g
- > <
v P Q:< b o (\:u: [
4 W=l 1A e 0
: ~ 833 2 E &R
Q. ) - o
uJ < (g.- 5 «Zhe
o o &mmw (] < Qe
[« 447, ] r - bl b=
aQ - Yaa. - ~tymniL
-4 xZ o o . % - uw
< Wil Wil Q. w 9 XM et
> D>V VOO > [m] w () ®
v < =~ [« 4 U<t & -t o Z
w x wegs LS8 W, 2 w Jmiv) Sy
Lo b o Ja < - 4. 4 (&) w oW Z
v — X W o >u.<<uu.u o - 4 - o
N - I du éo D . a.NOg
. (.4 Q= &&Q Q & Q)
o - Q9 2 woo w (7] - (S aY
N w 7 YT T R N A TP - oz aew
- > Q YN _ZOowwow = X W<
.- < - WZWIWZ.J4 ) W IV XXt »
L (- 4 W Q=T OOUILS ww o —0 Ok
[ vV = oo 24 B £ o & o
i X > D WX Z IO Qx <« =l O =
. w o w QLA 2w J9 = LA
Ry >SW = TITnag ~Z24 - 2 - e a2
p .- O W Qb = L0 - <0 = orn<g
b - =2 T =a.XZ2TLZ0m—~Z Q L™ 1+ 4
b~ < < QO =~ WANOU. wo a -q, *
. - of QENQ. WAL NN=O w QUiem
w < mmmmz&mmw W w> Q2
20 a soa:--luxa:w O ot o o<l
w ArQa.0.W - <= Wimnat
[ I QQO ra LI Qe w e L | A
WO Z 2=~Z LU!—Q-JQQO.!— od TN ONOD =N OV
-y o< <0—<QI< - <O VO OxZNs 2
Ld - XWX I—O-I_IQ-JZ < Q. (& ] (=}
-~ o Qu.l ZOQXr~<LC W Vg I -y & oL  + b o
o {7 B oo ﬁ)-lZWZD'-"-!Z—l>H — e {17 <I.IJ§ LI ol (=] [ ad
[ NSO 2 ~ - o Q.
—“W E BZruLY =eLZaLdD >0 Ndg ~ZZ2a2 0O oo W
gL = aA=Z ONL 2 == < W O0«gCTa Z °Q Q
Qb D Ou Oéﬂum O XV I O X O (=]= *
[} ™ WNOWW. - N Om QN eZ o O onNd e (& ]
L RN U e WS W AR LU Py *
U< DWW DWOWO O < X4~ J O OO o0
— Z EZA0OD<IQHLZ Z O~ 20 WX g O =00 aa
TV D) =T od U=l W £ ZE *e® = O OUOw LOoOV
Lx ™ XW Q WIRVZVL U EL W WAGOV F ¢ Quurs [RTERNTIY]
< = Q@ 1>21Q OOl J W —p ot Wi e O (NN VOO W
A 51 a x| leumum g bd NZ gmg-- 2 ; "o 6'"820
. -t w — wg wno dIUND = ITXW o ow 2
o W o I&Q'hlmllllh et WN WD o= - hhoo W drt
7\‘7 (& 17, IS | wZza E lL | = e ALDmleea = 230021000290 WN N
SRR ¢ W V) QLY ettt = (IO Wees QA =0~ L) Lt ) 0 0 €t Z et |
"8 r &ua:onu'-x>-><>-acu IZ WO QO WV EXOQOQXO=ZZYdadSuLr
N Q= O e OT * 3% #
[l
v,
P T EIEEEZERLIEE X
Y LOLVLLLVLVVVOLOLLOLVLLLLVLVLUVY (B8 1% ] aun

-

b

69

h :' S

LALAL A LN




-

-

.

.
.

s
.
>

t i
Q.~

PR

B
RO AR

*

i

o A M T T T T Fa® s N

C A,

(e]olelelelolelalolelolvolelelelelelelols s lolelelolrlelololelololololololelolofoTole Jole e lole fo )
NRO=HNMNP NN Q= DN =M PN O D NOQ NN TN DD PO NNV LUV QP DR O =N SN D
LU LV OG0 10 0 10 00 0 0 0= e (e ™ (e = e (o G0 40 0 00 90 X 03 0V D DD VNNV UNGS
LUQVUOGUOOWUNWNOVOORRIVIVAOUIUUIIUWOOWNOIIJIIQIUIIIIII
(oo lolrlelalelololelevlelolelololelelalololalolnlololelelslelolelelololelolnlols (o lolo IS lo lo o
UL L LASLLS 10 LA LLE U LS 1A LA (L) LSS UL U LS L) LML UL L L) LASUL) A0 LU LU LI L S LU LI L ) LS LU LWL LSS L)
b =a e o =gt s e ot s e o0 = o 0 o o e o e e s oS o o o s ot e o o o o s ot e o 8 s s e s it el e s o o o
e e s e e e s s e o o s s e o o e e o o o e 0 e o e £ e (e = o g o e o s o

-y
-
‘v w -
~J ) -
9 r -
z = a2 o
8 2
-d - * W <
<t < N ¥ o
oy | N
— 2 ~ - J
-~ Q << + <
2 ~§ - =
[ ] — > - 2=
- [ 4 a a O
w - Q - o N
-l x b = 2 Z w
(&) ~N <
"4 Ll -d P = WJ
< - < Q o
w b= N NS
2 b 4 Q - e =
o - Lad | -~ - &
— [ o r=d - - W
(7, ] 2 Q O wvn
[ - <O Q O w
(17} w e Q O X
- 4 > [ e e Q
Q. < ~t 4 - N N
w [+ 4 b3 (7 1] N w0
o g Q + NI N N O
- 4 - il W uw
(=] w < 4 -l - w X
ﬁ > Q W - + + D
(] U ~ v a a v
= (= (W] - P-4 [l IS ] - -
Q. < ~4 L 4 2 X 2 Z2 O
o | 3 1T ] x ot -t < < < = -
W Q » + w Ll -t
z [> 4 4 9 - WL W Q Q ™~ x
) - < * - <= O - »
x - o - X M <0 -— o~ Q) <)
- b3 p » o~ w 0 O < -
» - Mo -l [ ad O * Wwe X Q O <« b = ~
§ - =D < Q. - - QX - -d - -
(] - | w ~ - g - QO Q a Q. -y
* w & Q - e W T * Q w aQ B3
- - == Q ] - et DO & O™ - Q W [}
< = am ~ (=] N - Z20 W 5 O é Q [=]
- QM win ol Qe > = X > M\ N~ O Q Q
— ) AW -* WY ) & ke g WY W & b ® ~
- wwOOes Q =~a oXmeq 2 *Q 0O« owx .
Qo Z RNOQO0 QO I ~0OO0wN>» & JU = MO O [J=1 o -y
(>} — QOOVWXEIO RLLIONNU [} QD @ e e 'y QUL O
(%] el &Nl W IR W gl W SegNen] e (L JFNET )
&~ ° W wEORST ¢ = ZUVmdrlllCrt W Zv = WM~ < W (& T 1a& 1 o ]
= OW = N Cwwix?y ¢ 900wl =OZZ O « Tw - J X - A~
A HE <« ~QOWW< o J U’g twdNNIwgL N - =g OnN D ~NNN~TWON
Welld=~ ) Qi EMe D QOQO0O-QQ N D W O FeEXAWEQ Q.
QOUIP 2D HHmteNA O HHINHHNZU~ O O =X X J WHrnwsasow
Wl O ML~ o et i NN LU - Qe o et QU= RO
87 : 53&0.&. 3 P XXXt~ LZ 3 =D QO R XXQVR0VY
w
(S ] wI
vy
Q
o ® T R =)
(6 [ [ g | 0 9 @® LLOLOLVD DOV

70




A LA At R Sl B il A A St s M M P R IR I it Bl it It i g RN i S S Rt S A e A it A b, B B-h 4 A T B,

[rlelelelelelelelelelelelalelelololelelelalelelslololelelolelsnlolrlelelelolololelole lolele lo fo Te )
NOGOHNMQ‘U\ON@OO—‘NM VO D RO NN FINOPDRPQ 4NN PN I DP O~ @
PV o l=laleislalblele olal ol b b it ontan o Lo [SVIAVIATIANTAV IS TAVIA AV IS IUITU DM DM IM TN IM T D TU B g g b 1 o
D €D € 7m0 7t o ) e e =0 e el 420 o) ) e el =8 g 4G e ol = g e #0708 g =0 1 o = e o=l = 4 P e
[=lolelealalelalelslelsalelolelelolole o ole/slelalelslalels el lolelp (ol lelalele o oo lo 1o Jo
LA LLI LA SLA U LASLAS LS LAI LAY LI A LA 10 A3 UL L LS LASLLIUAS LS D L 4 1A L LA LADRAS LS ULSLLS LU Lt U (S LIS U ¢ L A UL
I I I L I L L I T X I I I L I I L I T L I T L XL I LI T I IT LI I LI
1 e s e 1 e g o e e o s e e e 0 e e s e o e o s o e e s 0 s o e o e e e o e e 720 e e e e P o

P | - -
< - -
| d - -
Q - a
o Q ~
Q -4
w Q <
x . (.
Ny N o
(] N ~
Z ~N ~
<0 o -
T - -
- > -
[ Q. (=]
g” - (=}
, 2 <
-l [ o~
w Q ~
217, - o~
g ot ~ [T
= -~ -
471 4 -— +*
w -8 Q.
QL - -
Z- < <
<0 < <
[ g (g
-t e W (=] o
b 4 : e - -
Qg w - - 4
XL - &) & x
<9 Q Q »*
O <4 - -l 9
Lot W o o o ~
< 0o > * o N * ~ N
~4 < - Qo N - -— <&
- o W o (4] [ ] - (&) - -
-y N [ o ~ -4 i u —t Ll
> -4 22 o - (4] N Q > = <+
» o Q= O A w - -~ - a o 1 - - Q
(L] N e W w o - - -4 w o ox -t ws
Lnd Q o (8] ~N a L4 <+
: - .45 § QO - \-‘\7 3 - O - 85—- - 8
L & W) I T ] A L L e ¢ ] SwmL £ L
g < |~ vV WL w Qs | 4 <« WL ~ Nl <L wXx
»x & ZZ Q= * Q# NINw o Q- 4+ O — el o Q=
0 1 OwWw w a w ™ WaAQWw#) 1 F LA w Q #>@ZTw | Uy Oa
e W NL ™ WWIA LW I wrg e W ®*WLa r~ e W »uw
WDEZY ™ o Wi O WOLELWIE O W Wil Gml&L W W WO
-w{gZ - PHOAF O T U wdZZ € +UAFLIO w QA XZZ o + 0
o QW 2 ~ITWH € =mil-wON L <€ ~TWilre NN H CXESLL € =T
EN l O W WUr-Qu L Sl K= 4 X- -4 WGEQUWFO XA ZO0O W o Qb=
QLI v~ L & HANE O HWHINHICKZH - W HTQHXN I JWCHZY > O Ha
54-«.1. bLd € ~UN= Q NONNNEINW O —0mm—-m&.—.—-o¢~<mm Q =
gagrt = O WVOQKF < FUXL>»>AKX™ 9 VOQMFOXPQUWWLXX= < QO
N
< o~ N
LWLOULLOVO~ LW WLOO ([ 1S L g

71




L .
agag el

o e
(2]

.

ATA A At e L Sl B Gl AL I A S MR i e B A I S AT N C B A e e e i e e e
. AL NN - HER LR R . s .

eloleislolelelalelololelolelololelo lalelolo o Tololo Yo (o loTe o tu Yo ToTo lo loTe o ta Yo tote Ir o Lo Yo To |
WD OP> VOO 4NN F UV QP DR Q et N FUN O P DN =N PN O DO~V FUNN O DVDRPD iy -
PP T PO AN DN NI 0 000 W0 0 0 0 \Of= Pefe e e Mt M e foe 0 00 0 WD 0 BRQ DO DDA
7 0 0 ) g e 7 1= e 7= £ e = el 0 ) 0 ) e 1o e g = el = g e = e s e =0 o g~ e o g 14 e
rlole Slelololelsloleln]olnlalololeloleloleleteleleTo o lololafalelo e o fololotoYe o Yo loTo Yo t= Yo )
L0 U LA Ll L) LA A LAAUAS LA L) UL LAALLS LA L0 A0 L) LA LAS L LA (ASLLICAS L0 UL LS LD L) LA LALS LLI UL LIS SUS LIS UL LA LY LS LI LIS LLE
L I I I L L L L I L L L I L LI T L I I L L E T L I L T L I IT I LTI
1 o e e o e 0 e e o 0 e o e 0 e e 0 e 1 s s o e o e e 1= g o P e e e e e o o e e e e o e

(-1.000/G)*DLCG( (DTAN(P) )/ (DTAN(P+(Fi/2.000))1))
E+(-1¢000/G)*DLOG( (DTAN(P+F2/2.000) )}/ (DTAN(P)) )

-y
-4
x
*
9
o -
Q N ~ N N
o wn - 0 o [+ ]
[ ] [ - o - Q L]
-4 —) it -4 o ~y
+ (L) (3] X 0 . (&) [
- ~ L4 - % | # - Q. Lo ~ - Q.
-t - -4 uw (=10 -y w L ] - ~-4 w
- 73 L ]
-8 2 S 8 =2 S oN N = 3
-~ S, L w e s g w e WA L & [~
OXm | <« wr ~tedtel wx e X B 4 wx
+ QAP TNwE of Q= -l of Qb= QA ONNwX o Q-
W Wa,u,® u., ] 0 VA Qe 1 ~ ua WP Ju.w L ] @ Oa.
dedX LWy W B Wld tdrdrt W) BN LR LLOA\Swr=—te W » W
=UWUOQWLEYLE O O OO UVUR W U QWEUOWUIGREVES WY Q VU
m—:;u:m;z‘zt : #lrtaht Ngwgzz € +hHQ—X) ogs’-v;zz o +H
WH*™8 L. ot landd < <« ~TW)HW L -y
QUWFr.«LQOQZ § L =il == 2 > QA‘.Z L gm UEQWO-Q.S 102 WXt < UE
utlﬂuul!<§:- Q NQAHINNNIQUWLCZN~ O uo.u::uwuullq‘z‘u-' Q ua
=t FONNNA U Ut etlVetomt | QAL LNU. QO ~NWOOONNNELIOWL O =W
ao-v-uxu.»u.mz—n 9 UQS&-O—K)-QU%&G-* < QOOQUXLITXX =~ | WO
N N o
LN LOVO (GT8 18 1.
72
Iy T ..
> W e N N A N N A R A P A U 0 s I A A N A NS R .~-'--'.x"2-‘.-‘.x‘



PO B e D D T Jvrv~v—v—v—'-"-—r'—1*r‘-r—‘r"‘r’r—w—vv~ LSRN A IR A St

PR A AR o gy G S A e A i e e e o |

OOOOOOOOOOOOOOOOOOOOOOOOOQOOOOOQOOOOOOOOOOOOQQOQ
m¢mov~cooc-4mm~ru\~ov~oaoc-onq'm.oNaooo.-cqu-m P OR QNN PN IO PO

PPRRPNPOVOIAOOQAVO~ -0'-0-0-0'-'-0ﬁdHNNN(VN(VNNNNMMM('\MMf“\f\‘\l‘\m~f
ﬂv—.ﬁﬂ.—.ﬂﬂNt‘(\.N(‘N\‘tVNt‘(v(Vt‘(‘t‘l‘l“‘l‘l‘lv(V!‘(\IN\V(‘(\‘\‘(V“IVN\‘NN“N““‘N
[$lolelalelealelelalelalslelolelelalnlalolelslelolalolololelalalelslalelolelololelolelololelola]
LIUILLIULI LAY LSS LI AL LA L)L LI LLJ LI A * LU LU ULJLA) UL LI UL UL L A0 UL LAJ A LA LLILLS LY UL LI W1 LJLLILLILLI LA LY
o = e o e s s e oo s e o s i s o s e iy S G it s o ot O s s e s 0 = ey i o ot o i s g o e oy s P g s e
e e 0 e e e e 120 o o e o e = e 0 e o 0 e e 1 e o e o = s e s 0 e o 0 s o e e o o o et o e e

\E+(=1¢000/G)*DLOG( (DTAN(P+(F2/2.0D0)))/(DTAN(P ) ))
(-1.0C0/ G)*DLOG( (DTAN(P ) )/(DTAN(P +(F1/2.000) ) ))
E+(-1.0D00/G)*DLOG( (DTAN(P+F2/2.0D0) )}/ (DTAN(P)) )

- -y
-t -t
b3 >
% N ~N » N
(L] Q -4 (L) N
- vt (=} ~y — -t
A - Q - -~ -
- vl o -y - i
- Q [ ] ] -— N
-y vy -y ~4 et -4
X~ - d 9 - X -
§ e~ v [- % - ~ ] Q. 1% -l
ox o w - - -4 w oV ~N
» -y o (8 ) - -y Q Q= -t
NG (LT - QD N N - 9 ON -
L-' K ey &£ e P Ny ey & w e L L I\ ] " 4 e
- -N\»2Z TTh o VX~ |12 <« wxr -z < w
o o —wr 4wl o Qb + QA¥wNwdS o O O kg o ~ Q
DA (X1 A>LE | O VA W WAVMLEEZ t - O LRRE | —~ O
L ™ ot A T Y] RWLA WMUYwme W WL Werdri W -
.:,-.' T OrNEg O U WUemUOWROECWIZ O W WUQ-Ww ~ULVE O W 9
i Qe XO ~u¢<§z % +*HARE | QU wZ2Z n". LN o o 3-~<Zz € 4
W H = o < = TUS H o= i) g 3. 8. ¢ et TUI N NNO H L L o
'_,_g QWPOQ>&—-‘Q DrFEOQWFAwQQN Il cCad WD=QWrXo>» ¢Q.M il XXX (&)
DA u:nluumznzn- QO HANZTHWHE N NZZH~ L HAHUIN W IOWZZH- I W
v —te | et QL Il Q  UID=DQAN NN <L O ~MUR—RNe=t ) QLU O
e ov—o— XrYEUwhgad=— < WAQKFUXU>g < VQQMFEX>OVUXXL QT O
P o
YAS
.f\'
e ~N ~N o~
NS (=] ~4 N
9 (S8 18 L} WO QU
Y




A A i e e I O S e e A A A N A R A AR AL S L AN RS AL N R i sl b ol i S o i i

[elelelelelelelrlolololelolelalelololelolololelelolelolole (o le Tole lo Jo Jo Jo lole Jo To o To To Yo To To Lo
NP OO DR QNN TN QP D PN FIN QGO PO et FNVD P D O =NV N QM D
NPT T P OO U V0O WU Q0 W O W QDM e e fu e e (e e e 00 00 0 0 DD DD
OO VORI NN OO O OB NN ENOIO OO OO NN O NOJOONOE N OGN N OO NI OO Y
[ole]ololalelololelolelolelolalolalelelolalelalolelolelolele/alelalelelolelslole lolelslolelolelo )
UJALILAIULS LU LS LS LLI UL L) LS TS LA LS LU LI UL LA LAJLAS LU LS 11 1 A UASALI LS L UL UL AU LS LS U A LS L LI LS LU LI U )
IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIISII

1 e e e e 7 (e o g e o e e e o e o o e et e o e P e e e e 5 s o o s 8 o = e

-
-y -
- -y
= 5 2
z -
< o o
p o o w .
- b o 2 N
- [} “~
- v w oy < ~4
- wy E - [+ 4 [T
Q (7] — -4 -
(=] - - < d +
(=] & - < Q.
(5 (7, ] - & b ~
—t - 0o
N a = 5 z
N w - 2 ~ b=
U 9 2 <« — Q
- Z < b= [+ 4 ~
* g - J -
Q. - 4 Q - w -~
- ~ N 9 -
5 - - - T4 o
LY - - e Q
| i [ ol D o -~ - a o
o 4 << Q O w o
bt o [+ 4 aQ Q xac N
~ ~ Q O i) ~
- ~y w e e | > ~N
- Qs (%) N N -y w
o Q™ Z N N ow ~
~ ] w N N Z' +*
>4 [ 4 U W <w Q.
b Load [T + $ pod
Q u!.! w a a [ ——d 5
- X X - - v [
~ D (S 2 2 wad -t Q
8 wnXx L < < Qa 9 -~
w Q = = = - -
- | N -4 o0 wwv - 9
(=] [+ B 1T w x - -~ — 4 -
» - N x & ~ - <Z x ~d
- Q el Yoy [ x S O << » xQ
9 Q m U=R - % » Q O po s 9 » *
~ o -4 [+ 4 - (L. - Q. b= » (&
(=] [] (L] - [TY} -~ < ~ Q AN ] - (D
a W -y ~ - e =4 w - -wa ®* #$0 < -t S N
w O +* - ® Ok > o -l -~ a0 ~N QW [+ 4 -0
Q L4 oy - - 20 < 1 - O VO N ™ [ ] Q
O -~ ON N - - € W= XO®MN o I~ o O we~ xoa
* N P L D _ URN )P Y @ * - . W W
X - mwea | E 4 QW SN0 Q® O ~ [+ 4 2> a0\ ~0
- ¢ AUVINw X <O V) CwNIX a0 Qe (N DW wo qq=NX | QD
Gl wWeok.sac | P4 W LU wQ ™ ¢ oF - ey < [- 4L )
WreRQ WA W~y W WY (R o DL ATT R Pt Ve P I AV I o VT TA VI TV /) -~y ¢ et
QDI UWERLEWLE O Jx q WwNIVIENLIW | M ] et = IV Pt it (I (V)
N lpert | OLrrwZZ 2 - 1ZEQUNE> wi =<{=i 2 (- =81y ]
TONF I OQNN L LT =) D LU T O U Ulrdrd ottt () 8—4 Nt SOONW n TO
Wil O I~ W Q00 MU ¢ XX~ >»0QOQQ, Uit=i=
QLOEOWN N uzsuv 2 - NN HWA—E TOLCw W -l QW l (L RTT) «-9
Uit QYNNI <OU. QO o NONONOQOWIU, e Qrelld B (L =l W =2 =4 NN Q) el
0Q0—PUQU->'¢¢¢H Qb= O U X (O et (D= O 2 0 X e (7] U e X =)
-y
-4 N o ~ ~N
WOLLVLOLVO W P N O QUL ()

74

o L_L‘l_‘_‘ Ll-L-A;A.’A:“.‘.“-\r_\-A




PR
s,
P

s

-

o
"4.)‘-'.;“- R

ré
o

-~ < al A’&

B AN

LN \"‘.—.

v« e’a

(9.9
PR

Y

&

elelolelelolololololale/slolelole olelelelelvielolelelololplole lolo e lole (oo lole (o le oo e fo o )

PO~ NNP U QP D P O~NMF NV O DN O ~4NO PNV QDN =N OPFN QP D PO =NV FND -

DR NP NPN PR N PO D OCI DO LD rmf e e el e =4 =t (N N O OO NN TSR (VD (T () V)
TN NN NN OO O ST D IVHTIEV) CFYLTHSRCTYLII L3 POVPLI DETRATY 9 OT] VDT VLI DITILTY CVRCTHIVIIPITHEI BN PEPISHIV) (Y AV)
o (o lelelelelelslslolealalelelslevlolelolalelolololololololelolololo lvlelolslelele o e le In Te o
LLILLI L) UL UL L) LI ULS WML LA LL LIS A3 LA L WL LS LLJALS LA AL LA LA LU LS L LLLI UL A L A3 L)
I L I T L I L L L L L L L L L L L L T L L L X LI T L LI LI LI T XL LTI I L
o 7 o e 0 e e e s 2 e 10 s et o e e 10 e e o e e 0 0 s e o 1 e o e e e o £ e

OG((DTAN(P+(F2/2.000) ) )/DTAN( P}

LV P 9 NN
WUIVI =N LI )
[4. 4A=]18 "y ]
-0 W § TO
1 QO L=
NWHWUTA
NONQ e WS
NUNORA3

vl
WVOOOLWN

CAUSES OVERFLOw
-R2)¥G*X1)/C1l

\]

USE IF #RC

(G*X1 )
G) *DLOG((DTAN(P+(F2/2.0C0)) )/OTAN(P+(F1/2.000)))

/(G
/6)

1XOUEN
~tOH X0
2Q Q0. Uit
e FWwxXa
NN NQ =IO
i XO=QO

-t
QLQUUS

USE IF ARC 4 CAUSES OVERFLOW

LOG((DTAN(P+(F2/2,0C0) ) )/OTAN(P))

O

€ CAUSES OVERFLOW

USE IF #RC

1)
DLOG((DTAN(P+(F2/2.0C0) ) )/OTAN(P+(F1/2.0000))

R4)*G#*X1)/C1

-t W P WU\
pY, 7, PP YR TN
(- 48y ]
Nt SO W # TO
W2>»0Q Q0. U=
[N N E'' > 4.9
NN Q=IO
Wl X =QO

[
VLW

USE IF ARC € CAUSES OVERFLOW




LadiR Rl S 5 R SR e R R A AR A O A Rt i Al R T Sl Sl St Sall V= it

-‘4

A A v

[el=lolelsloleleleleolelelole/oleleloleJolelolelelnlelelolejo ool lole fo lo lole jolo lulnle lo lote §
PO RNO=NO PN O DN QNP UV DD POt N Y LUV QP DR QNN LU Qe DR~ NP
IO L P T P8 P F DN O NN G O W G W 0 10 W 0 O e P e e e faf e fe 0 O 0 VXD
M DAL D T I Tl i Bl M B I I DML DM I VA TAE Dag A TR Dna DR Dt DL INF TS IME DAt 20a Dol 100 Toad I Tag AR Tod Do S Tnd TN TRE 1ad Dad 1) )
[elelolele/alalealelelelrleole/alolololelelnle/alelelelelaelelelololealelolelelelnlolole jolole To ]
UL LASLLIAL LS L LLILLS LU LS UL U LI LLY L LS L L LU AT LI LA LLILLE L LI LS U L LI UL LU LS LA UL LML JUS LS L
oo s e o o = o o e ndh o s R i o oy e g o ool o = s o o o o ot oy s e o o o i o s g g 2o o 2y o e e o of
1o e e 0 e e e e s P e e e e e (0 o e o e e s o 0 e s e e o (o s e e (e (e s o o e

I.ODODIS
gDO/Glt LOG((DTAN(P+(F2/2.0L00) )/DTAN(P )

1 s

i
€+C0
2

-0 Q™

OG((DTAN(P+(F2/2.000) ) )/DTAN(P))
X1)
DLOG((DTAN(P+(F2/2,000)) )/DTAN(P+(F1/2.00011))

X1}
DLOG((DOTAN(P+(F2/2.000) ) )/OTANLP+(F 1/2.000) 1))

= x E
(=] Q (=
- -l '} -
'
2 @ z K
W = w w -
> -~ > > (]
o x o | Q bed
» (Lo »
w 9 »» 0 - ~% v (L) » ®
w - w O - w -
D O S - O Q™ 2 D ~N
g & - g * Qo < - 4 -0
[ I -Q Q -~ (=] 9 ] aQ
W= >x0q, e ~0a W= oa.,
~ QN 1 s W K e I [
b Ll I e ] 1 =D 2=t
QO C=NX | O Q WwNX IO (™ CwNX | O
X XZVswwP o Wl [« 4 [- ¥ 472 L X 4
Q WM PN LMW PON = - P YN
L e L TS TN QUIVI e DI e Ve L 1Y I
'S t 500’- ) o U 1%80.- L) W ] mSUO— [
= e 0 Lo Bl [ O = N
w Helwxa W #® 8 hnwxa W "N lwxa
B NN O™ N NNNQ™L V) NN O etid
D X 8 D2 >-u.><u0-08 D W UO—QS
[l 4 -t
o -t ~N
(O 8 [ L) QO e LOOV~

76

USE IF ARC 10 CAUSES OQOVERFLOW

DLOG((DTAN(P+(F2/2.0D0) 2) /DTAN(PI))

1 /G
) #

)*G/C1
0Co
0C/

«Qa.
[+ T AT
[r YL I ]
| NI O
W (X e

U L L S0
[ 4. A=181 ]

~gqON W IO
1| QLA W=
"WHHWEQ

NNNQ=UIO)
>UL XU~

ot

3]
QU

ARt

AND INITIAL DEPRESSION ANGL: OF RAY

E TIME,
G

N

LOL

T AT ETRTE

x




N L T Y T T Ty

olelelelolslalelolalolelelelelolelolelolelolalelolelelalnlelolr]olslolalolololels o lale Inlr lole ]
mQNQOOﬁngmONQOOHNM@“ONOOO#NM*mONOOOde¢m0N@0°4N
VR WD BDNPPRPMAPRNPROOQQ € QD (3 ot b mch st b o e =4 NI NN NN N NI OV}
N O i S O L e i B S I N L S S S S A e oottt bl s sttt s
[=Jo]lelelelelolelalalalolelslaldleulelelelolelole lolelolalelololalalslololelololelolelole oo In ]
LA LL LA LM LS L LS LA UL L) LLSLAD L A0 LASLLI LI U L0 L LA L LIS LSS LA L LI LU LU LU LS U U U L LU U g
TR I T I L I I L L LI L L L I L L X L T L I T L T T X LTI T I I LT LI LT
e e s s e e e e e e 0 e e = e e e e et 0 e e P e 0 e o e 5 o e e e e o

> -
W<~
wncta,
W
xXxXA

N
E
0
%gRUUTINE IS FOR NEGATIVE (UPWARD) INITIAL

«1001)/180.0C0
193 ,53,53

- o ) - () Q e e Ch
O rdr=t O Ll B =2 % et () et SO
O} = QqQUAw [ & J laed - & 5 qQ MU~

£
} ’
2 ’
FE INI
ciT 10N
§
ANGLE.
73,73
{+0.10017180.000

=MUO@ WY PRI O eLViWL LV -3\ JGU - L)~ L)t
" —_Qww~ LS - Hi OO 4 MmOy o O | =-OQ¢ PO~
. M I Wit U O 8 Vet DY [TV ] WE AN edr=AMNID | o)

*mmpep=E, Ll QOO NUOQCY | OQm - 4 ODrOULQLIILI+LOL~O W
CTHEZARZEN W= ) W wa HSA NN HHwe—l || |
HwwQ 222V U rtSlrt<Crmtrgrdll, § ol b il T L) rtrdemtemtll, ) mdo-todll ) =4
E e I {- =181 4 g 3 o L L 93 {0 =0 <CEXQVLI eI > X0

K
K
K
1
1
R
i
1

K
Y
X
W
F

-

g

©
g 0 o M
L)) (S SIS 18]S . 1.} un

.:
C
12
9
:
C
C
C
7

2R

:'.‘ &'.\-‘ .'h “. N -L'.-.:¢:*




LR B
]

. .o
PR .

oooooooooooooooooooooooooooooooooooocooooooooooo
P RAFNMT A IEDASLANNLN QI RASHNN I IDROANT TN DD
h T e Y T R A N A AR R A A D YOS 0 O PRRNRN SRR RES

't Land

:~ T P T OV T I T I v I PV I r T I v I I T I vIT I T O IT eI IIIII I IrIvrrIvee
iy elole’slalelalelolalelatlelelelole alalolalololololalolelelalololelalolololoTo (o lololoToTo Y= To T
o UJLLIASLASLAS LIS LAILLY LLSU LR LI UL LASULS LA LD LA L AR S LI LU UL LLALAIALD LS LIS LAJ1 L LS LA LA L) LIJUS L LU LIJ LU U LU LI U
. L L I I L I L L L L T L I L L L L L L X L LI I I T I L L LTI T XTI TLI LT L
- 1 e = e (e s o s e e = s e e e e s e 1 s e o s e e e 2 e e e o o e s s o e e o o
- -
~
- ()
o -
L - b 4
- ~
- - -
.'_ ° -
- =] %
i o p o ~
° [ d
A o Q. T
F. . ~ w b~ ;)
AS 4 (=1 Q, o
.-: << uw [TV ]
X - - w Q [
% - a 2 o g
-" -
. o ~ - | w
o Q 2 Q b~ o
, o < 3 w =
* - a v
"3 o~ (= p o
S -~ ~ (8 ] - -
o) -y - - 4 - =
T g - w ~N - w
= ~- - o Z - Q000000000
0 + Q (-4 t~ p-1 G 0000000000
" o Qo Q W 2 Q0000 QO00Q
_ ~ Q w - w q¢ O000V00VAVO
< . - < [aleloloTe loloTo1E 1]
i < ~ (=] w - QO0O00000000
) e ~ w w - ¢ O0O000O00OQ
- o ~N - T w O NN Q~DIO
. ~ T < - x 00 cg0®eovee
k.- - - - P leleloleleloelslelele o]
‘\ -— * D G o Z
1 Q. (% 9 Q - ~ —
\! - ~ -4 w x
v z 2 < -~ b o
- << < 9 vy - b= #
- - [ o= - Q
SN x Q o vy < w —
..( NGO - -4 ey < -
< = O U OxX -4 TR w o -
~, =~ O N On 2X0 o - w
~ -y _J - 40 w - (o4 0 > =AY oMY
EN D Q -4 Qw Q IXTx 2 - < NONINONWNOO
Mo ox #» o o x NG —pily o o a M ONNT OO T U
-] - o L 2 e L) ol [-9-¥..] (7] (=] = (NONO=DONMNO QO
e RO O Q. 1] -0 w WX o OO =IO 4
- ~0 N W #=~ \NXQO o oaQd w . W 0000000000
'-4 N W b MIN W4 P N RN L e d (W ] P LS LS LS LI LS LS LWL LW ]
L) -e O Sl OaQNIT D rirde Q@ - O - 0 g0 0000 e oo
j x~t O A Z2-wNOXI- 2 RO opel= o w 9 hOOOOQOOOOOO
. e o WO qLu wa. USON X ret et XX = <
Y WP OO DA™t B U W W ® g & ovatl) ZW Ll -
S Wtk | QLD =t L VD OWwD) W =) w
p’u s ZOrtwQO N+ | OO P Zwwww=Z TO A2 (- 4
'@ SNy ¢ sTHOLIN N TO LI WX W
oA o § Wed OF= L= >>Q0OIA. (%) O-I-O—tt—l'-zt— g Qr—a PPN P NONNOO WY
- —wWZX s AN unuzm& — Zee il D -Z00 QO ITO QMO0

N
S
F
0
T
N

&Q<nd~m~0NNN~Qm8 ogzcmxoo TOMD~OOVDMyM™~

=) QL= ¢ » QLI D =ik X IO b4 BULBEELLY e =W ¢000NQG~mN
Q. ®* e e 00 09 0o o
IR UV (TIPS (o (T) ) 3 I

QDO DP=LNM

-4 R -y e L T P L e e L L]

~N -t o o ~m e gt el e g onf o e 9t
-} @ LLOL® o ~OALVLVY O

78

R T N Y Gy A R T T A T



LK gtk e

P i S i € _--‘—_f:_‘w:_f"'_—‘\r:_‘v".w:'_iv:_"“_‘l'""7_ _‘.“:_T*Y'. .y _.':_'_*r.w;".*;w}.‘! IR A A IR AT SANC A fn A0 SnCihdns e =Rate 3 I 20 AAe

(wlolelelelelalelolels/alolelelelolalelelalolelelolalelololelalolelolale lolelololele lolelole lo lo )
ANm¢mONQ@OANm¢mo&mmodwm¢m0h@mo~N FUNVOSD P~ O D

VD VODVV WD DVOPPNPRPPPRPPQOO QOO OO C et rmef et et rd =4 mepreet =4 (NN (N (NN OO NI
WP T PP P TP TP P TP PP T 6 UOU VU IS VS VI VS OIS MOV VST VL VS VYUY
e lelelolstotalotololaTala o To Yo faTe o Ta o T Yot otate oo tolalatoto loTo tolo oo taTe Jotato To Tata)
LLJLLI LML LU LA LA Uyl LLHAS LLSUAS LS LLILL L U LLDLLJLLI LS LS LS UL LLSLAS U LS LASULBLLILLY! L LI LLILL L LU L Ui 1
I I L L I L L L L L L L L T R L L L T L T L L T LI L T T L T L LTI LI L L
1 e 1 e 1 e o o e e e 20 e e s o o s e e e e e (0 e 0 o s = o e e e 0

N
-

(7, ]
[ lelelalelelalele olelalelalolalalelslslelale olelelelololel oo
[e]e]elolslclelelelolelelololelelololelelolole /o lelolele (o le IV |
[elelolelolalelolalelelalelolelelalalslele/olelelolelolalale .. o
QOOVOO0VOOVOVOOWVOOOOVVUQOOOVIVVLOU
[ele]elelelslelale slolelelalelelalelolelsoleololelelslolsl. .8
[elelelelololeloleleleslolelelelelelelols/wlelelolelele lo Te e ITT)
(elelelelolelo/olelele/slelols ool lolele/ale olelelalelslel Jo)
NN O D PO ~NF N QOO PO=NMOPF N OO0
© 90 0000 00 0000000 ® 900000t 0o
L lan e Lo Lo T Lo P LAV Dot oV T N TN [a N T L VTN TN T T T T T TU T D T T B L 41T

MET

220.00
EL TIME

QO OUNMOP D i FOF D VNN QN OO PUNO D PP rd
QMAANON O N MM O =HNN R O NN LI N =T iN QOO NGO W
QO P O WM P OV O L il D ONT PN Q RO D=t A,
FNNQON"'\ONOFNQQOQQOM\NU\QMQQW\QOOH‘\I‘\.—
MO NN Ol On ONOOM’OONMMONQOQ A0 MO 4

QO Q4NN QQI‘\M‘\“U\‘OOOOQO")‘QOOOQON"G
ol Al o ol Ao N Codd U A AD N A ol ol o\ A D B D i I DI NI D D

00 © 90 00000 00000 Q0 009090000 0, 0 0o
OQOOOOOOOOOOOOOOOOOOOOOOOOOOOOO
lllll.llOllvlllilll!llllltlilll‘;:

<
- 4

W NI 00 O MO (MONN NN e D DD DN et ONO g ™0V U
P =t D = o (VP e VO T Qo LN (VN O O it (I (Y U e QO O
0#00!‘\3N30‘—0N—4~ﬂ~'~sth-OONlnlanOm O‘g
DO et O 1) W= M= O Nt VNN P> NNV NN M P D D (T OO

000 0000 060 %0 0006985 000 00¢e000 00 o o0 oll
NMWNMNGMOQUNG\(’QNQ‘mv‘mv—‘u\"ﬁhﬂwalﬂm
400 O Vet O O MO NV ONONO VMOV IONNYDV = OO X
O OQO OO O M0 VUV F (O VI b metony ﬂﬁdg
oyl it

79

QOOOO0000000Q0
[e]leloleleleleolelelelele o]
QOQOOO00QO000Q0
e le alélolelle]lslelels o)
(o] lsleleleldalsdlelols o)
(=] elelelolelolele (oo o)
[=]o/olelolelelelele el o]
=t Qe NN QM QPO M
= 0000000000900
QQOOOQOVOVOO mtsdrirt

AL ANGLE

IN

>OOW\QNK\O~?O-—CNO‘4‘O
DOV FONM>DO VNV VD
AOUNPPF PO ONMDO =0
= FONRN Ot Q= FIN-PFON

DA POONC D=0
AL et rmd gty O\ O\ el v ) o=l e e +~d e

B DA NS I DD D DI
-4 0 90 90000 0o oo
[ el=]el®iSlslelololelolelels)

RELA

O SR ONP =YD VOO0
VOO NV O VDN DD
TN PO FINN SO
J=FOVONrd N F DO DO NN PO
Q. s 0000 e®e0essoe
WON > QOI™ NN~ RO WO
QNP TN S OINO DO
TIL LSS rONOm
Ll L L T P e B L T T T ]




e

2

SR

‘.
.
«

L e T R e P N T AN S A A A A T St e Sl S Dad i Al el et e S B Aod ad el Jad o 2
P - - R AL I LA B I e e Nt S B Al Al S A

[elelelelelelelolelnlololelslololelelelelolololelelelolelolel=la]
P QNN LN OP DA Q=ML NV QP ON QN M TN QDB PO
O (N FY OO OO ) P TP P T PP T T nninniniunuwunneo
R 7 O A T T A R T T T A L T T L TN TR T T 1 T
[e]leloleclelelelololelololololelololoolelelolelolol=lolelolele o]
W W L LU AL LU UL S U LA LLY UL UL L LAV LL) LS U L U U L UL LY
Il I T I L I L L I L L L L LT LTI
1 e e e e o 0 e e = e s 0 e e s e e e s e e e v e e s 2 e

g
A2

[7¢]
[eloleelelelelalslelelele elelolelelels lols alelolelolele ]
[elelolelolelalalolelolalelolaleclelalale/ololelelelelole Tole ]
(elelelvlelelolaalclelolclalolrlelolole/olelololololelolw Ty«
[elelasleleloladlela P lelSlelaldlelels o]t olalllolelele]. 0
[¢]a]d/elelelolaleleleleloldlolelslale]s oleleleldlelsolel.. 1. §
(eloldlelolevlelelelolelelololelelalelolelole s (oo e lotTe Ne ITY)
(elelolalelelelelalelolelslolololelololelolelelelelolelolely
PN Qe QP Qe I O D P Ot NP N QP 0 P O
0 0 00 90 0° 00000 00 0°0 00 8OOt oe %0 0 X
ol 7 e o = CNNONF NN NN NN N NN VY OO VOV VOV O P PP U

MET

240.00

QOQm@hﬂmlﬂlﬂONQNOﬁNNO0‘00‘0@‘0\0“\\’
HQ'ONN\Q\?Q MOV MO QG QM Ot TN PP UL
Q("\NOO("QNQQQNQ‘U‘U‘@@NUQU‘NOMNNU‘QQQ’&
ﬂ@“\@ﬂ“\NhOQQﬂ@MN‘O*’FQN(‘\QNMMQ’NQ—‘N.‘
—CQU\—‘NN«\O‘ONNNNNOON 3'*@0‘ PPRORON
O QOO O Ordrmd (NN MV SN OO OOQOOOOONNNK
W W W) AP S D Nt P U o A i o (D o A ) N D il W WD D NI
0 0 g0 0 0° 9O 0 g 0 00 ® 00 0 900 90 g 0 9 ¢ 9 o
[olelelelelelalslolelolelelelelelslelolelslalslelelolelele o]

trt e et ettt ettt W
D
<
g

QO QNN =N T D O F OF== =\ i D U UNVD DM D P NSO
OO NP OO UV O N e (N 1 = 0 O PNV O V(O P L)
P et P DNV DO R (O F VDO AN VP D OV P O DO ot
U\O—M\NNQ'M-CQ'NNOQNO4‘0‘01‘0‘00-—06‘“‘"*“\0‘00‘1
o 0 00 00 008 0000 9000 0o o g ol
u~mm~0m~ﬂ~u|Nw~r-w~o¢vww~¢vcnuouuomumomnm
Q> MOM=OMO OV~ OOMOONOINNAM NN QN O X
OV O\t ot © O TV O P P DU () (N (N et redpd et D)
ol rad gmef e vt veed o Z

80




FRCHA AR e, S ol Ak Gl il S I St 8 B B s o 2l mul ol and ) ;—_'-:-1

APPENDIX B
INTEBPOIATION OF RELATIVE TRAVEL TIME CALCOGLATIONS

This program does an interpolation of ths ou=pu+ daza
generated in Appendix aA. The relative travel timss are

interpclated for the receiving hydrophone depths.
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ARPENDIX C
RESULTING BEAM PATPERN POR CALCULATED WEIGHTS

This program uses the output Oof Appendix B to calculatz2
the ‘'A! matrix. Frcm this, the amplitude and phase weights
are determined by the linea:r minumum variance estimazion
technique. These weights ars applied to the array and the

beam pa:tern is obtained.
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